In this review, we present an overview of the technologies in colorimetric biosensors based on DNA-nanoparticle conjugates. Two types of DNA-nanoparticles aggregation assays are summarized. One of the methods relies on crosslinking of the gold nanoparticle (GNP) by hybridization. The crosslinking system was used not only to detect target DNA sequences, but also to detect metal ions or small molecules which were recognized by DNAzymes. The other method is the GNP non-crosslinking system. This approach shows high performance in the detection of single nucleotide polymorphisms. These methods do not need special equipment and open up a new possibility of point-of-care diagnoses.
Introduction
Colloidal gold is a suspension of nanometer-sized particles of gold in a fluid. It is usually red in color, because the nanoparticles have optical absorption around 520 nm due to surface plasmon resonance. 1 It has been used for glass staining since the 17th century. Aggregation of the gold nanoparticles (GNPs), which may be induced by addition of salt, changes the color of the colloidal solution into purple; aggregation of the nanoparticles shifts the absorption peak toward longer wavelength. It is known that Michael Faraday made a detailed study on GNPs. 2 Recently, various types of protein-GNP conjugates have been developed and applied in the area of bioanalytical chemistry. GNPs have been used extensively for antibody labeling to allow naked eye detection, namely colorimetric biosensors, with the mode of agglutination immunoassay and dipstick immunoassay. The methods are based on a coupling between antibodies attached to GNPs and analytes (antigen) so that the agglutination changes quantitatively with respect to the amount of the antigen. The colorimetric biosensors are particularly important because they can minimize or eliminate the necessity of using expensive and complicated instruments for detection. Today several hundreds of different tests based on this principle are found on the market, mainly for the detection of infectious diseases and pregnancy tests.
In contrast, DNA-GNP conjugates have not been commercialized, though a lot of reports have demonstrated its practicability. 3 Here, we describe several colorimetric biosensors based on DNA-GNP conjugates. First, we review crosslinking DNA-GNP aggregation by which DNA-DNA hybridization assays [4] [5] [6] [7] and aptamer-based assays [8] [9] [10] [11] [12] were attempted. Next, we describe a novel aggregation phenomenon, i.e., non-crosslinking DNA-GNP aggregation method. [13] [14] [15] [16] [17] Genomic analyses, 14 especially SNPs (single nucleotide polymorphisms) detection, as well as microfluidic systems 16, 17 have been developed based on noncrosslinking DNA-GNP aggregation.
Crosslinking Method
A well-known example of analytical methods based on the GNP crosslinking is the agglutination immunoassay, in which the aggregates formed are detected when the antigen crosslinks antibody-GNP conjugate. Recently, this principle has been applied to analyses of various substances such as DNA, 4 lectin, 18 heavy metal ion, 19 potassium ion, 20 and protein A. 21 Mirkin and coworkers have reported DNA sandwich hybridization assay (crosslinking GNP aggregation assay) using DNA-GNP conjugate. [4] [5] [6] [7] The method involved attaching noncomplementary DNA oligonucleotides capped with thiol groups to the surfaces of two batches of 13-nm GNPs (Fig. 1A) . When DNA, which is complementary to the two grafted sequences, was added to the solution, a polymer network is formed. This condensed network brought the conjugated GNPs to selfassemble into aggregates with a concomitant red-to-purple color change. Transfer of the hybridization mixture to a reversephase silica plate resulted upon drying in a blue color that could be detected visually. 4 Analyte-induced GNP aggregation has also been applied to small molecule sensing. Liu and Lu have developed a method using DNAzymes (catalytic DNA) for directed assembly of GNPs, demonstrating their use for sensitive and selective colorimetric detection and quantification of metal ions including lead. [8] [9] [10] They used a DNAzyme as linker DNA. The hybridization causes aggregation of the DNA-GNP conjugate, resulting in a purple color. The DNAzyme is composed of a substrate strand and an enzyme strand which recognizes Pb 2+ . In the presence of Pb 2+ , the substrate strand is cleaved into two pieces by the enzyme strand, and then it prevents individual GNPs from aggregating. Thus it results in a color change to red. Further tests showed that the biosensor is highly selective for Pb 2+ in the presence of other divalent cations such as Ca, Mn, Co, Ni, Cu, Zn, or Cd. They found that this unoptimized system allows lead detection from 100 nM to 4 mM Pb 2+ . Since 480 nM is the toxic level for humans, the method is sufficient to perform environmental analyses.
This work has shown that DNAzyme-directed assembly of GNPs can be utilized to make effective colorimetric biosensors. However, the method is restricted to analytes that are directly involved in phosphodiester cleavage.
To expand the methodology to a broader range of analytes, a colorimetric adenosine biosensor based on the aptazyme-directed assembly of GNPs is also reported. 11, 12 The aptazyme is based on the DNAzyme with an adenosine aptamer motif that can modulate the DNAzyme activity through allosteric interactions depending on the presence of adenosine. The principle is shown in Fig.  1B . In the absence of adenosine, the aptazyme is inactive and the substrate strands can serve as linkers to assemble DNA-GNP conjugate, resulting in a blue color. However, the presence of adenosine activates the aptazyme, which cleaves the substrate strand, disrupting the formation of GNP aggregates. Thus a red color of separated GNPs is observed. Concentrations of adenosine of up to 1 mM can be measured semiquantitatively by the degree of blue to red color changes or quantitatively by the extinction ratio at 520 and 700 nm. Under the same conditions, 5 mM guanosine, cytidine, or uridine resulted in a blue color only, indicating good selectivity of the biosensor.
This principle is not limited to adenosine detection, as the authors showed with a second example. 12 Analyte was cocaine. The authors found that, with slight adjustments of the appropriate aptamer, the dissociation of the linker DNA from one set of GNPs was brought about upon cocaine binding to the aptamer. Using this system, the amount of cocaine present was quantified in the range 50 to 500 μM.
Non-crosslinking Method
In this section, another GNP aggregation system induced by non-crosslinking DNA hybridization is described. This novel aggregation phenomenon has been first reported in studies of poly(N-isopropylacrylamide) (PNIPAAm)-DNA conjugate by our group. [22] [23] [24] This phenomenon was discovered by accident. The graft copolymer consisting of PNIPAAm and singlestranded DNA was found to form nanoparticles above the physiological temperature. When the target DNA is perfectly complementary to the probe, in sequence as well as in chain length, the nanoparticles aggregate together at considerably high salt concentration (Fig. 1C) . A hypothetical mechanism of this phenomenon is as follows: (1) the blunt ends attract each other by the helix stacking interaction, which has been observed in the field of molecular self assembly; 25, 26 (2) when the probetarget duplexes are formed on a nanoparticle surface, net electrical charge around the nanoparticle is neutralized by cations attracted around the duplexes, because the duplexes have larger binding constants with cations than single strands. 27 This phenomenon also occurred with GNPs. 13 The DNA-GNP conjugate did not exhibit any visible change within the experimental range up to 2.5 M of NaCl. The surfaceimmobilized probe DNA stabilizes the GNP dispersion. In contrast, we added a target DNA with complementary sequence to the probe DNA, so that a clear colorimetric change into 18 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 purple was immediately (< 3 min) observed in the presence of 0.5 M NaCl. More striking results were derived from experiments for another target DNA with a single-base mismatch at the 5′-terminus. Addition of this target DNA to the GNPs solution did not cause any colorimetric change even at high NaCl concentration. In addition, this terminal-mismatch sensitivity was also discovered in the non-crosslinking DNA-PNIPAAm system [22] [23] [24] and DNA-polystyrene nanoparticle conjugated system. 28 We suppose that the terminal-mismatch sensitivity is a property common to these non-crosslinking systems.
Genomic Analysis
Genetic diagnoses including typing of SNPs require easy, rapid, sensitive, and robust methods. Today, all the methods used for analyzing SNPs rely on hybridization with probe DNA. Because a single-base mismatch makes little difference in melting temperature from complementary duplex, these methods have difficulties in typing of SNPs.
On the other hand, it is conceivable that non-crosslinking GNPs aggregation system is highly accurate for SNPs typing, because it can detect perfect discrimination of a single-base mismatch at the terminus opposite to the anchored side. Thus, we expanded this method to a gene diagnosis. Non-crosslinking GNPs aggregation system is sensitive for a single-base mismatch at the terminus of 15 base pair oligonucleotides, while genomic DNA has 3-billion base pairs and the target base is in its middle position. Therefore, for genome DNA analysis, the non-crosslinking GNPs aggregation method was combined with single-base primer extension reaction which can make products having target base at its 3′-terminal position. 14 The samples were prepared through standard protocols ( Fig.  2) : DNA extraction, PCR amplification and single-base primer extension. DNA-GNP conjugate correctly responded to the unpurified products from the primer extension: aggregation took place for the full match and dispersion for all the mismatches (Fig. 3) . Applicability of this method to genomic DNA was tested with five human tumor cell lines, and verified by conventional technologies: mass spectrometry and direct sequencing. Under the same procedure, it can be applied to analysis of blood samples. Unlike the existing methods for single-base substitution analysis, this method does not need specialized equipment, and opens up a new possibility of pointof-care diagnosis for single-nucleotide polymorphisms.
High Detection Sensitivity with Non-crosslinking GNPs Aggregation
In general, a single medical decision requires information of multiple SNPs of an individual patient. 29 For this purpose, a low detection limit is desirable to minimize the blood sample volume, because the amplification by polymerase chain reaction (PCR) cannot be infinite. Thus we next focused on the GNP diameter. 15 It was hypothesized that the use of larger GNPs would lead to lower detection limits because of the increased gold volumes. 30 The surface coverage value of the probe DNA on the 40-nm GNPs (12 pmol/cm 2 ) was significantly lower than that on the 15-nm GNPs (24 pmol/cm 2 ). This tendency can be explained by the decrease in surface curvature. The larger diameters (smaller curvatures) would lead to more crowded geometries for DNA molecules with the same surface coverage. In reality, such overcrowding is inhibited by electrostatic and steric interactions. The same tendency can be found in the literature: 18 pmol/cm 2 on a flat gold thin film compared with 34 pmol/cm 2 on 15-nm GNPs. 6 The detection limits of the probe DNA-GNP conjugate were evaluated by titration experiments. The concentrations of all the GNPs were adjusted as OD530 = 1.0, which means roughly uniform mass concentrations. Detection limits at 24 h for 40-nm GNPs and 15-nm GNPs were 1 -2 and 100 -250 nM, respectively. The 40-nm GNPs exhibited a one-seventeenth detection limit compared with that of the 15-nm GNPs. As expected, the larger GNPs aggregated with smaller amounts of the sample DNA. It was speculated that this tendency was partly due to the reduced amounts of the probe DNA, and partly due to the increased van der Waals forces of the GNPs.
Microfluidic Devices for GNP-based DNA Analysis
Microfluidic systems allow miniaturization and integration of complex functions, which are required to realize portable pointof-care (POC) medical diagnostic systems. Non-crosslinking GNP-based DNA analysis was demonstrated on a micorofluidic device. We demonstrated micro non-crosslinking GNP-based DNA analysis by the extremely simple, power-free pumping method with poly(dimethylsiloxane) (PDMS) microfluidic devices.
16,17
The PDMS chip is first degassed in a vacuum before the liquid samples are added into the inlet reservoirs. The chip gradually absorbs air in a microchannel, which then makes the samples flow through the system, allowing reactions and analysis. The microchip has a microchannel (100 μm width × 25 μm depth), sample DNA inlet, and GNP-probe DNA conjugate inlet. The channel layout enabled two simultaneous DNA analyses at the two interfaces between the three laminar streams. The reaction requires only 3 μl of samples. Instead of colorimetric detection in a conventional microtube, an alternative detection technique suitable for microdevices has been discovered. GNPs with fully matched duplexes are selectively deposited onto the bottom of PDMS microchannels. By the surface plasmon resonance (SPR) imaging technique, discrimination of the target DNA was possible in 5 min with a limit of detection of 32 nM (19 fmol). 17 
Conclusion
Several colorimetric biosensors based on DNA-GNP conjugates were reviewed. Crosslinking GNPs aggregation method was essential to the agglutination assay, and could be applied to DNA-DNA hybridization assay and aptamer assay. The aggregation assay was expanded to various analytes by using specific aptamers.
On the other hands, non-closslinking GNPs aggregation method was a novel technology. It allowed highly selective SNPs typing. This detection platform provides a robust and inexpensive sensing technique with high sensitivity, and the method is promising for point-of-care testing. In the near future, these DNA-GNP conjugate based methods will be widely spread and highly beneficial to our daily life.
